The phenomenon of ketosis has interested investigators and clinicians for many years. With the recent rapid strides in the understanding of fat metabolism and the central role of acetyl-CoA in intermediary metabolism (1-5), this subject has taken on added interest. Although it has long been recognized that the liver is the chief site of origin of the ketone bodies, the basis for this has only recently been clarified. Apparently, most tissues are capable of forming acetoacetyl-CoA during the normal course of fatty acid catabolism or by condensation of two molecules of acetylCoA, but only the liver both possesses an enzyme, deacylase, which removes CoA from the molecule to release free acetoacetate, and at the same time lacks the acetoacetate activating enzyme which would result in acetoacetate's re-entering the metabolic cycle as acetoacetyl-CoA. Other tissues have some deacylase activity, but their acetoacetate activating enzyme system is so active that little or no free acetoacetate ever escapes from the cell (4). Ketonemia thus represents the balance between the rate of ketone production by the liver, utilization by extra hepatic tissues and excretion by the kidneys. Hepatic ketone production in turn is a function of the relative rates at which acetyl-CoA and acetoacetyl-CoA are formed, as from fat catabolism, and amino acids, and the rate at which acetyl-CoA can be disposed of by oxidation via the Krebs cycle or by reduction and syn-1
The phenomenon of ketosis has interested investigators and clinicians for many years. With the recent rapid strides in the understanding of fat metabolism and the central role of acetyl-CoA in intermediary metabolism (1) (2) (3) (4) (5) , this subject has taken on added interest. Although it has long been recognized that the liver is the chief site of origin of the ketone bodies, the basis for this has only recently been clarified. Apparently, most tissues are capable of forming acetoacetyl-CoA during the normal course of fatty acid catabolism or by condensation of two molecules of acetylCoA, but only the liver both possesses an enzyme, deacylase, which removes CoA from the molecule to release free acetoacetate, and at the same time lacks the acetoacetate activating enzyme which would result in acetoacetate's re-entering the metabolic cycle as acetoacetyl-CoA. Other tissues have some deacylase activity, but their acetoacetate activating enzyme system is so active that little or no free acetoacetate ever escapes from the cell (4) . Ketonemia Physicians Fellow, 1954 -1955 . 5 American College of Physicians Fellow, 1952-1953. thesis to fat. Whenever the rate of acetyl-CoA formation exceeds that of disposal, two molecules of acetyl-CoA may condense to form acetoacetylCoA and this, as well as acetoacetyl-CoA derived directly from fat catabolism, may be released into the general circulation. The two pathways of acetate utilization (oxidation and fat synthesis) are strongly dependent on a relatively high rate of carbohydrate utilization, a fact which accounts for the well known occurrence of ketosis during such states of carbohydrate deprivation as occur during starvation and in diabetes mellitus (5) (6) (7) . It is thus apparent that ketone body production by the liver is a reflection of the balance of various forces in the metabolism of acetyl-CoA and hence it might be anticipated that any technique which enabled one to estimate hepatic ketone body production quantitatively should throw some light on the metabolism of this key metabolite in man. This has been made possible by the development of a sensitive method for the analysis of ketone bodies and the availability of a technique for estimating splanchnic blood flow by hepatic venous catheterization and bromsulphalein infusion. Moreover, the introduction by Margen, Michaels, Boling, and Kinsell (8) of sodium octanoate, an eight carbon fatty acid, for intravenous infusion has presented the opportunity of studying changes in splanchnic ketone production after loading with an exogenous precursor for ketone synthesis.
The present study represents the application of these techniques to the estimation of splanchnic ketone balances before and after octanoate infusion in essentially normal humans. It serves as a basis for future studies in this laboratory on the influence of hormones and of various pathological states on ketone metabolism in man.
METHODS
Twenty-one mildly ill hospital patients between the ages of twenty-three and sixty-two, without known metabolic abnormality, fever, or hepatic or renal disease, were used as subjects. Two patients (J. T. and D. B., Table I ) were studied in the afternoon six hours post cibum; all others were studied in the morning after an overnight fast. The patients had been eating the regular hospital diet, with the exception of those with a peptic ulcer who had been consuming a liberal ulcer diet. All had been eating well, without recent weight loss, nausea or vomiting.
The patients were sedated with 90 to 120 mg. of phenobarbital given orally one to two hours before the studies. To minimize anxiety during the period of -study, inlying femoral arterial and forearm venous needles and the hepatic venous catheter were inserted early in the procedure, using local procaine anesthesia, with no added epinephrine. An intravenous infusion of bromsulphalein was started, to be maintained, using a constant infusion pump, throughout the entire time of the study. After the needles and catheter were in place the patients were allowed to rest quietly for ten to fifteen minutes before the painless procedure of sampling was initiated.
A control study was carried out on each subject during which femoral arterial and hepatic venous bloods -were each sampled four times, i.e., every five minutes over a fifteen-minute period, for the subsequent determination of bromsulphalein, glucose and total ketone concentrations. A 500 ml. infusion of a 1.5 per cent solution of sodium octanoate was then started intravenously through a needle previously inserted and administered at a constant rate over approximately a one-hour period. During this time the blood sampling for the same chemical determinations was repeated four times at fifteen-minute intervals. Blood sampling for oxygen content and oxygen saturation was interspersed at appropriate intervals during both the control and octanoate periods.
The estimated hepatic blood flow (EHBF) was calculated, for both the control and the octanoate periods, from the corrected infusion rates of bromsulphalein and the arterial-hepatic venous differences of bromsulphalein utilizing the formulae of Bradley, Ingelfinger, Bradley, and Curry (9) . Arterial blood concentrations of bromsulphalein did not vary by more than 0.035 mg. per 100 ml. per minute during the control period, nor by more than 0.042 mg. per 100 ml. per minute during any octanoate infusion. It is felt that the formula (9) for correcting the infusion rate of bromsulphalein for such variations applies with reasonable accuracy to the experiments herein reported. Bromsulphalein clearance is an expression of the ratio of the corrected infusion rate to the mean arterial concentration for a given period of study. Bromsulphalein clearance is expressed as per cent of normal, using for reference the data previously accumulated in a series of 63i control subjects (10) . The net splanchnic glucose production (NSGP) and splanchnic oxygen consumption (SPO2) are the products of the hepatic venous-arterial glucose difference in the first case, and the arterial-hepatic venous oxygen difference in the second case, and the respective hepatic blood flow (10, 11) .
The total ketones of the blood, expressed as acetone (micromoles per 100 ml. whole blood), were determined by a modification of the Greenberg and Lester method (12) as described below. The net splanchnic ketone production (NSKP) was calculated by multiplying the hepatic venous-femoral arterial difference in ketone concentration by the EHBF. The term "net" has been used to take into account the fact that some of the organs supplied by the splanchnic circulation may be utilizing ketone bodies. The actual production is attributed to the liver.
The per cent of octanoic acid converted to ketones (per cent conversion) was calculated for each patient as follows:
Per Cent Conversion ,M of octanoic acid theoretically required for the mean increase in NSKP per min. per sq. M during the sodium octanoate infusion p&M octanoic acid infused per min. per sq. M X 100.
It should be noted that this expression, per cent conversion, is calculated from the amount of octanoate delivered to the body as a whole, the portion actually perfusing the liver not being known. It cannot be considered as a true estimate of the liver's capacity to form ketone bodies from octanoate.
The following is an outline of the procedure for the determination of blood ketone bodies embodying the principal changes developed in this laboratory during the past five years as well as one suggested by Michaels, Margen, Liebert, and Kinsell (13). 6 Protein-free blood filtrates are prepared essentially as described by Weichselbaum and Somogyi (14) , using 2 ml. of unclotted whole blood (sequestren or heparin) laked in 10 ml. of distilled water, to which are added 4 ml. of 0.15N Ba (OH)2 and 4 ml. of 2.5 per cent ZnSO4 7H,O. The ketone determination is performed on 1 or 2 ml. aliquots of the supernate after centrifugation, depending on the anticipated ketone levels. The entire procedure, except for the photometry, is carried out in 22 X 150 mm. glass-stoppered pyrex tubes with specially constructed metal clips to hold the stoppers tightly in place during heating. To 2 ml. of supernate (or 1 ml. of supernate plus 1 ml. of distilled water) 0.5 ml. of 13.6N H2SO4 is added, the tube shaken and the stopper twisted tightly into place and secured with the metal clip. The tubes are then heated in a mineral oil bath at 110 to 1200 C. on an electric hot plate for ten minutes, following which they are cooled to room temperature. In this step the acetoacetate is decarboxylated to acetone. After cooling, 0.5 ml. of 0.4 per cent potassium dichromate is added to each tube and the heating procedure repeated at the same temperature for 30 minutes, resulting in oxidation and decarboxylation of betahydroxybutyric acid to acetone. Greenberg and Lester 6 Modifications made by Mildred G. Engel. to destroy the excess potassium dichromate. After mixThe tubes are then placed in a large mechanical ing add 2 ml. of 2,4 dinitrophenylhydrazine (0.1 per cent shaker,8 and are shaken for 10 minutes. The shaking can in 2N HCI), shake and then introduce exactly 2.0 ml. be carried out using a standard general purpose reciproof reagent grade carbon tetrachloride7 into each tube. cating type shaker9 at top speed, but one hour is neces-A calibrated automatic filling, reservoir type of pipette sary for complete extraction. After shaking, the superis the most convenient for this purpose.
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s International Equipment Company, Bottle Shaker, 7 Each new lot of carbon tetrachloride should be tested Size 2, with specially designed screw-topped adapters since some yield high blanks with 2,4 dinitrophenylhydra-fitted to hold 40 of the glass-stoppered tubes. zine. These should not be used. The reproducibility of the ketone method, tested by comparing 23 random duplicate values, was found to be within 6 per cent for the control range of levels and within 9 per cent for the elevated levels induced by sodium octanoate infusion.
The modification, according to Michaels, Margen, Liebert, and Kinsell (13) noted above, was introduced after the present study had already been initiated, but seemed worthy of adoption since it reputedly gave higher yields of acetone from beta-hydroxybutyrate. On comparing the single acid-dichromate procedure with the two-step heating method (13) In the EHBF studies, although there was no significant difference in the mean values for the control and experimental period, the flow during the first 15 minutes after Na octanoate was significantly decreased (p < 0.01)..
-of three subjects after sodium octanoate were pooled and -tested. No color developed, eliminating the possibility of beta-keto-octanoic acid being present in any significant -quantity.
RESULTS

Male series
The data on the 16 male subjects are recorded in Table I and Figures 1, 2, 3 During the infusion of sodium octanoate the oxygen consumption of the splanchnic area increased by only 4.2 ± 1.46 ml. per min. per M2 (Figure 2 and Table I ). As depicted in Figure 2 most of this small rise took place during the first half of the octanoate infusion and then fell off somewhat. No correlation could be made between the rise in SPO2 and NSKP, either collectively or when broken down into the separate sampling periods. Correlation coefficients were + 0.254, + 0.207, and + 0.353, respectively. This is not surprising, since the production of 124 ,M acetone per min. per M2 by the 16 male subjects would require only 1.9 ml. 02 per min. per M2, or about one-half of the recorded increment in oxygen consumption. The remainder might possibly be attributed to complete oxidation of the fatty acid, which would require more oxygen.
Measurement of the femoral arterial blood glucose levels demonstrated a small fall (3.0 ± 0.5 mg. per cent) during the fatty acid infusion (Table  I) . This was statistically significant (p < .01) and presumably can be attributed to hemodilution. The net splanchnic glucose production was not modified by the infusion.
Bromsulphalein clearances were generally within the normal range or mildly subnormal, as could be expected in slightly ill subjects, during the control period. They exhibited a small, but significant (p < .01) decrement during the infusion of the sodium octanoate (Table I ). The mechanism of this fall is not immediately apparent unless the simultaneous oxidation of fatty acids by the liver interferes with the mechanism for removing bromsulphalein.
Female subjects (Table II, Figures 3 and 5 .) Five female subjects were studied and compared to the males, bringing out certain minor differences between the two groups. However, in view of the small sample these differences must be accepted with caution, particularly since they may be accounted for largely by two subjects. As a group the females showed a somewhat higher hepatic venous blood ketone level and a greater hepatic venous-femoral arterial blood ketone difference than the males, although both values were of borderline significance. Since the estimated hepatic blood flow was not different in the two sexes, the females exhibited a somewhat greater basal NSKP than the males (p < .02). As a group the females showed approximately the same increase in NSKP as the males during the infusion of sodium octanoate although there was one subject (F. S.) who exhibited no change in hepatic venous-femoral arterial blood ketone difference or in NSKP during the octanoate infusion. This patient showed an unusually high basal NSKP, but one cannot relate this to the failure to respond to sodium octanoate since another patient (A. M.) had a comparably high basal NSKP and still responded briskly to octanoate. In all other respects there was no demonstrable difference between the males and the females.
DISCUSSION
The primary objective of this study was to develop a method which would quantitate splanchnic ketone production in man. It was found that after an overnight fast a small but significant en-*dogenous production of ketone bodies was demonstrable in the splanchnic area and that this was notably increased by an intravenous infusion of a known ketone precursor, sodium octanoate. The sudden influx of a comparatively large amount of fatty acid increased hepatic ketogenesis presumably because it could not be converted to fat rapidly enough and hence was degraded to acetoacetyl-CoA and/or acetyl-CoA. The latter was not completely oxidized via the Krebs cycle and hence spilled over into the blood stream as acetoacetate.
In this study the ketosis induced by sodium octanoate occurred promptly. This indicates that the numerous enzymatic steps, which are required for fatty acid catabolism and the hepatic release of free acetoacetate, are accomplished rapidly and without delay in the intact human (2) (3) (4) (5) (16) (17) (18) (19) (20) (21) . The findings of Lipsky, Alper, Rubini, Van Eck, and Gordon (22) are in disagreement in that these investigators found a delay of two to four hours in the ketosis induced by the administration of intravenous sodium acetate to humans. How- ever, Ciaranfi and Fonnesu (23) , in a recent report, demonstrated an immediate small rise in peripheral blood ketones after infusing sodium acetate intravenously into normal and depancreatized dogs.
Other published observations on the measurement of ketone production in humans are those of Bondy, Bloom, Whitner, and Farrar (24) who reported on splanchnic ketone formation during diabetic acidosis in humans, and of Lipsky and his associates (22) who, as mentioned above, reported on ketone production induced by the infusion of sodium acetate into diabetic patients. Although the techniques applied are similar, comparison of their results with the present study is of limited value since their data were few in number and all were on diabetic subjects. Crandall, Ivy, and Ehni (25) in 1941 estimated hepatic ketogenesis from the hepatic venous-arterial blood ketone levels in fasting and fat-fed angiostomized dogs without directly measuring hepatic blood flow. They were unable to detect any hepatic formation of ketone bodies in dogs fasted less than three days. They attributed their failure to the inaccuracy of their method of ketone analysis.
There are two factors which must be taken into consideration in the interpretation of the results of the present study. Hinkle, Conger, and Wolf (26) have stressed anxiety as a potentiator of ketosis in diabetic patients. It is difficult to state conclusively whether anxiety may have played a role in determining the control NSKP in the present study. All routine steps were taken to minimize anxiety, but certainly it was not eliminated. Nevertheless, the constancy of the results in the large male series makes it seem unlikely that a factor as variable as anxiety could be playing a significant role in the results.
The second factor to be considered is alkalosis which has been found in animals (27) Such a state of affairs existed in this study in the control period, and hence the net splanchnic ketone production, which was estimated directly from splanchnic blood flow and splanchnic blood ketone difference, can be taken as a measure of fasting ketone utilization during this period. It will be recalled that during the control period NSKP varied directly with the arterial blood ketone concentration. Thus utilization was higher when arterial levels were higher. Gammeltoft (28) and falling arterial blood ketone levels after octanoate infusion prevent one from translating ketone production to ketone utilization during that period.
Too great emphasis should not be placed on the differences in ketogenesis between the male and female groups. The series of five females is small and the irregularities were due chiefly to two of the five. However, other investigators have noted the factor of sex in ketosis, and hence further study is indicated. Peters (29) noted that female humans are more susceptible to ketosis, and Deuel and Hallman (30) observed a greater ketonemia following a high fat diet in fasted female rats than in pair-fed males. Friedemann (31) on the other hand noted that male monkeys fed a high fat diet excreted more ketones than females. SUMMARY 1. Utilizing the technique of hepatic vein catheterization, a method has been developed for measuring directly the splanchnic production of ketones in man and permitting an indirect assessment of peripheral ketone utilization.
2. Employing this method a small but significant endogenous splanchnic ketone production was measured in fourteen out of sixteen mildly ill male subjects in the post-absorptive state. This was increased approximately five-fold during the intravenous administration of a ketone precursor, sodium octanoate.
3. Two of five female subjects exhibited a higher basal output of ketone than did the males, but in only one female did the increase in ketone production after sodium octanoate infusion exceed that of the male series. 4 . These data should serve as a useful baseline in evaluating the effects of metabolic and hormonal factors on splanchnic ketone production in man.
